Probing magnetic fields in self-gravitating molecular clouds are generally difficult even with the use of the polarimetry. Based on the properties of magneto-hydrodynamic (MHD) turbulence and turbulent reconnection, Velocity Gradient Technique (VGT) provides a new way in tracing magnetic field orientation and strength based on the spectroscopic data. Our study tests the applicability of VGT in various molecular tracers, e.g.
INTRODUCTION
Magnetized turbulence are of great importance in many astrophysical process inside interstellar medium (ISM) especially in the stage of cloud formation and evolution (McKee & Ostriker 1977; Audit & Hennebelle 2005; Richard M. Crutcher 2012) . However, the study of magnetic fields in the ISM is complicated, since the ISM has multiple phases where the level of ionization, temperature, density, and molecular abundances change drastically (Falgarone & Passot 2003) . The most common techniques to study magnetic fields are stellar light polarization, emission from aligned grains (Andersson et al. 2015) and molecular line splitting (Zeeman effect, Crutcher et al. 2010) . By measuring the polarization from stars (Heiles 2000) , one can get some insight into the morphology of the galactic magnetic field. However, as it is possible only to sample magnetic fields in the direction towards the stars with known distances, this way of magnetic field sampling is limited. Dust polarization measurements, on the other hand, determine the direction of the projected magnetic field. They can also be used within Davis-Chandrasekhar-Fermi technique to roughly estimate the plane-of-sky averaged magnetic field strength (Davis 1951; Chandrasekhar & Fermi 1953; Falceta-Gonçalves et al. 2008) . Unfortunately the measurement of magnetic field through dust polarization is in general difficult, since the grain alignment efficiency drops significantly in the case of high optical depth, which limits the reliability to trace magnetic field in optically thick regions (Andersson et al. 2015) . Line splitting, such as the Zeeman effect directly measures lazarian@astro.wisc.edu the intensity of the line-of-sight magnetic field Crutcher et al. 2010 )without any assumptions. The Zeeman splitting is a small fraction of the line width, and only the Stokes spectra can be detected; these spectra reveal the sign and magnitude of the line-of-sight component of magnetic field. ) However, the Zeeman measurements require very high sensitivity and long integration times. Thus in many cases only upper limits of magnetic field strength can be obtained.
The Velocity Gradient Technique (VGT) (Yuen & Lazarian 2017a,b; Gonzalez-Casanova et al. 2017; Lazarian & Yuen 2018a ) is a new technique that can measure the direction and intensity of the magnetic fields only using spectroscopic observations. VGT has its foundations in the theory of MHD turbulence which states that the velocity motions of turbulent fluids are anisotropic and the direction of anisotropy is determined by the local direction of the magnetic field, i.e. fluid motions in the presence of MHD turbulence are eddylike and the axis of rotation is aligned with the magnetic field surrounding the eddy (Goldreich & Sridhar 1995; Lazarian & Vishniac 1999) . This property of turbulent motion follows from the ability of magnetic field lines to reconnect within one eddy turnover time (Lazarian & Vishniac 1999) . As a result, magnetic fields do not present an impediment for eddies that are aligned with the magnetic field surrounding them. It is essential for the VGT that the alignment of the eddies happens with the local rather than the mean direction of magnetic field. Incidentally the original theory in Goldreich & Sridhar (1995) does not make this distinction while this distinction is obvious from the turbulent reconnection theory (Lazarian & Vishniac 1999) and is proved reliably in numerical simulations (Cho & Vishniac 2000; Maron & Goldreich 2001; Cho et al. 2002) . Due to the fact that eddies trace the local direction of magnetic field the VGT captures the detailed magnetic field structure within the turbulent volume under study.
VGT was first applied to HI data (Yuen & Lazarian 2017a ) and then extended to the cases when gravity (Yuen & Lazarian 2017b) and self-absorptions (Gonzalez-Casanova et al. 2017 ) are important. In Yuen & Lazarian (2017b) they presented a new smoothing method to estimate the gradients that presents a more reliable estimation, in which the VGT has still been used to measure the magnetic field direction in HI and 13 CO. In Lazarian & Yuen (2018a) the proposal of using the Velocity Channel Gradients (VChGs) increases the utility of VGT as the per-channel gradient analysis allows observers to obtain the three-dimensional magnetic field tomography with the use of rotation curves (Gonzalez-Casanova & Lazarian 2018) .
Depending on the physical scale of the observations, selfgravity can strongly affect the dynamics of the gas in GMCs. GMCs are studied through molecular transitions, most commonly those of 12 CO, 13 CO, and C 18 O. It is therefore important to understand the effects of self-gravity using molecular Position-Position-Velocity (PPV) data in the VGT. This work then builds on the separate studies of self-gravity and molecular emission in PPV data cubes. In this work, we apply VGT to analyze two conditions, with and without selfgravity. By processing the ideal MHD simulations with a new radiative transfer code SPARX, We produce the synthetic maps of 12 CO, 13 CO, and C 18 O. These tracers are most prevailing in the diffuse ISM, and the differences of optical depths between these tracers could offer information of magnetic field along the line of sight.
In what follows, in Section 2, we discuss how VGT perform and to be optimized in the case of self-absorbing selfgravitating molecular tracer maps. In Section 3, we give a brief view of the MHD simulation and the radiative transfer calculation. In Section 4, we present our results about VGT in the presence of self-absorbing media and self-gravity. In Section 5 we discuss the influence of radiative transfer in VGT. In Section 6, we give our conclusions.
THE THEORETICAL EXPECTATION OF VGT UNDER DIFFERENT MOLECULAR TRACER MAPS

Velocity Gradient Technique
The development of VGT is highly related to the recent establishment of MHD turbulence theory through numerical studies. The core theoretical consideration is derived from Goldreich & Sridhar (1995 ) & Lazarian & Vishniac (1999 . Goldreich & Sridhar (1995, hereafter GS95) predicted the anisotropy of MHD turbulence, and Lazarian & Vishniac (1999) introduced the theory of turbulent reconnection. Lazarian & Vishniac (1999) shows that magnetic field lines are allowed to rotate perpendicularly around each other due to fast turbulent reconnection. Similarly, in the framework of turbulence, the turbulent eddies are not constrained from rotating perpendicular to the direction of magnetic field. As a result, in random turbulence driving, the eddy motions perpendicular to magnetic field lines become more probable since magnetic tension force resists any other types of magnetic field motion.
Incidentally, it raises the consideration of the importance of local magnetic field in respect to the motions of Alfvenic turbulence. The concept of the local system of reference was confirmed in Cho & Vishniac (2000) . Alfvenic eddies that are not constrained by magnetic tension create a Kolmogorov cascade with velocities v l ∼ l 1 3 ⊥ , where l ⊥ is measured with respect to the local direction of the magnetic field. It is evident that the eddies mixing magnetic field lines perpendicular to their direction should induce Alfvenic waves along the magnetic field. Hence, it is essential for VGT to trace the local magnetic field around turbulent eddies rather than the mean magnetic field.
It is well-established fact that the statistics of Alfvenic turbulence is anisotropic along the local magnetic field directions (Lazarian & Vishniac 1999; Cho et al. 2002) . Similarly, the velocity gradients also show a distribution of directions in which the most probable orientation of gradients is perpendicular to the magnetic field direction (Yuen & Lazarian 2017a) . Hence, the direction of the magnetic field can be obtained by rotating the most probable orientation of gradients by 90 degrees.
In the framework of VGT, three types of two-dimensional maps are frequently used to trace magnetic fields in a number of context: Intensity maps I(x,y), velocity centroid maps C(x,y), and velocity channel maps Ch(x,y). These maps are produced by doing integral along the velocity axis of the PPV (Position-Position-Velocity) cube for all tracers. In this work, we use I(x,y) and C(x,y):
where ρ is the PPV gas density, and v is the velocity component along the line of sight. Then the gradient angle at pixel (x i , y j ) is defined as:
f (x, y) can be either I(x,y) or C(x,y). This will make up the pixelized gradient field of a spectroscopic data. In Yuen & Lazarian (2017a) they propose the recipe of sub-block averaging to predict the direction of magnetic field through gradients in a statistical region of interest. When the statistical samples are sufficiently large (In Yuen & Lazarian (2017a) and later Lazarian & Yuen (2018a) they provided a criterion to determine the optical block size for a given number of gradient statistics.), the histogram of gradient orientations would show a Gaussian profile. Within a block we obtained the most probable orientation which is the peak of the Gaussian corresponding to the local direction of the magnetic field within the block. The VGT technique uses the sub-block averaging method and it is getting the results that are very different from those that can be obtained with the Histogram of Relative Orientations (HRO) technique (Soler et al. 2013; Soler & Hennebelle 2017 latter technique uses gradients of intensity and it requires polarimetry data to define the direction of the magnetic field, while the VGT is polarization-independent and complementary way way of finding the magnetic field direction.
The effect of radiative transfer
It has already been demonstrated that the prediction of magnetic field from VGT shows a good alignment with the presence of absorbing media 13 CO J = 2 − 1 (GonzalezCasanova et al. 2017). Aside from 13 CO , 12 CO and C 18 O are also common tracers of interstellar molecular flows when the number density of neutral hydrogen (HI) is between 10 2 cm −3 -10 4 cm −3 , which is the common density for newly born self-gravitating molecular cloud (Richard M. Crutcher 2012) . The most important difference between the isotopologous of CO in tracing the molecular flow is their optical depths. That means one can use 12 CO to trace the flow of molecular gases in the diffuse surrounding region of a selfgravitating molecular cloud due to its weaker penetration power while using 13 CO and C 18 O to estimate the accumulated contribution of gas motions in a thicker line-of-sight cloud.
Due to the differences in optical depths of CO isotopologues, it is possible to use VGT to stack the threedimensional tomography from surrounding layers to deeper core layers. However, it is difficult to explore the magnetic field morphology through VGT when strong self-gravity is present since Yuen & Lazarian (2017b) & Lazarian & Yuen (2018a) suggest that the gradients of intensities and centroids are gradually rotating from ⊥ B to B when the stage of collapse increases. The separation of diffuse and dense media through molecular tracer maps with different optical map assists observers to study the velocity anisotropy and thus magnetic field structure of the molecular cloud from the outermost diffuse layer to the dense core layer. The data has been used in ; to set up a three-dimensional, uniform, isothermal turbulent medium.
Periodic boundary conditions, as well as solenoidal turbulence injections, are applied in the simulation for emulating a part of the interstellar cloud. We employ various Alfvenic
, where V L is the injection velocity, while V A and V S are the Alfven and sonic velocities respectively (See Table 1 for details.). We shall refer to the simulations Table 1 by their model name. For instance, our figures will have the model name indicating which data cube was used to plot the figure. The simulations are named with respect to a variation of the ascending values of β. The ranges of M S , M A , β are selected so that they cover different possible scenarios of astrophysical turbulence from very subsonic to supersonic cases. For each cube, We considering both cases with and without self-gravity in this work.
The radiative transfer calculation
We performed three-dimensional LTE (local thermal equilibrium) radiative transfer on a Cartesian grid to generate synthetic maps with the SPARX (Simulation Package for Astronomical Radiative Xfer) code. The SPARX code is designed to calculate radiative transfer for both molecular line transitions and dust continuum and its details of the package are given in the Appdendix.
In the calculation, molecular gas density and velocity information are extracted from the MHD data mentioned in 12 CO b12 (MS = 0.92, MA = 0.09) data set. For each method (IGs and VCGs) and each data (with or without self-gravity) we plot the 2D vector plots and the statistical results. The blue vectors represent the projected B fields from the simulation, and the red vectors represent the VGT predicted B field direction. The relative angle between the simulated B field and the VGT predicted direction is shown in the normalized cumulative plots. Section 3.1. A gas temperature of 10 K, which is typical in molecular clouds (Wilson, et al. 1997) , is assumed. The fractional abundances of CO isotopologus 12 CO, 13 CO, and C 18 O are set to be 1 × 10 −4 , 2 × 10 −6 , 1.7 × 10 −7 respectively. The commonly used 12 CO to H 2 ratio of 1 × 10
comes from the cosmic value of C/H = 3 × 10 −4 and the assumption of 15% of C is in the molecular form. For the abundance of 13 CO, we adopted a 13 CO/ 12 CO ratio of 1/69 (Wilson 1999) . Hence, the 13 CO to H 2 ratio is approximated to 2 × 10 −6 . With 12 O/ 18 O = 500 (Wilson, et al. 2016) , we obtain C 18 O to H 2 ratio to be 1.7 × 10 −7 . When producing the synthetic molecular channel maps, we focus on the lowest transition J = 1−0 of CO isotopologues, in which the LTE condition is satisfied.The required (critical) density for thermally populating the J = 1−0 of CO isotopologues is ∼ 10 3 cm −3 , which is comparable to the molecular gas density in the diffuse ISM. The high optical depth of 12 CO J = 1 − 0 transition further facilitates the reduction of the required (critical density) for LTE population.
When applying LTE assumption to 13 CO on cloud models a factor of 2 uncertainties on the column density derived should be expected (van Dishoeck, et al. 1992 ). For C 18 O, the molecular line is optically thiner than the other two species allowing the tracer to trace into the denser regions of the clouds.
RESPONSES FROM DIFFERENT OPTICAL TRACERS
Effects of self-gravity
After carrying out radiative transfer simulations for each model with SPARX, we produce different position-positionvelocity (PPV) data cubes for different tracers. We then compute integrated intensity map (moment 0 map) and velocity centroid map (moment 1 map) for each PPV cube (See §3 for more data details). After obtaining the moment maps, we then apply the VGT recipe (Yuen & Lazarian 2017a,b; Lazarian & Yuen 2018a ) to obtain the prediction of B-field orientations. The recipe consists of the gradient operators, sub-block averaging (Yuen & Lazarian 2017a ) and also the error estimation method (Lazarian & Yuen 2018a) . Inside each box, we collect all the directions predicted by the gradients and use a shifted Gaussian function ) to fit. In principle, the Gaussian profile with a shifting term is a better representation on the gradient orientation distribution in numerical simulations, since the count that away from the peak of gradient orientation distribution is usually much higher than zero. For instance, with M A ∼ 0.2 the velocity iso-contour axis-ratio can be in hundreds (Xu & Lazarian 2018) . However, simulations nowadays have limited resolution. There is a natural tendency for velocity contours to have smaller axes ratio due to the unresolvable minor axis. As a result, the count that away from the peak of gradient orientation distribution would not be close to zero. A constant shift would address the issue of finite length. In practice, the shift will not change the prediction of peak location by block-averaging. We set criteria on such that if the random area (shifted region) is greater than the Gaussian area then that block will not give predictions. We select a box 12 CO b13 (MS = 1.95, MA = 0.18) data set. For each method (IGs and VCGs) and each data (with or without self-gravity) we plot the 2D vector plots and the statistical results. The blue vectors represent the projected B fields from the simulation, and the red vectors represent the VGT predicted B field direction. The relative angle between the simulated B field and the VGT predicted direction is shown in the normalized cumulative plots. 12 CO b51 (MS = 0.05, MA = 0.52) data set. For each method (IGs and VCGs) and each data (with or without self-gravity) we plot the 2D vector plots and the statistical results. The blue vectors represent the projected B fields from the simulation, and the red vectors represent the VGT predicted B field direction. The relative angle between the simulated B field and the VGT predicted direction is shown in the normalized cumulative plots. size of 40 2 pixels for the Gaussian fitting process, meaning that the sub-block averaged direction is given by the peak of the Gaussian fitting function on the gradient orientation histograms obtained from the 40 × 40 block.
The average value from the Gaussian fitting will be used to represent the VGT predictions in that box. The blockaveraged vectors are then rotated 90 degrees to indicate the direction of magnetic field as predicted by VGT. We plot the results for model b12, b13, b51, and b52 in Figure 1, Figure 2, Figure 3 , and Figure 4 respectively. In the simulations, we have three-dimensional data on magnetic fields. By mimicking dust polarization, we calculated the density weighted averaged B fields in the plane of sky and then compare these with VGT predictions to obtain relative angle. To allow better comparison, we collect all the relative angles between VGT predictions and simulated magnetic fields and present the results as cumulative plots. Figure 1 and Figure 2 are two examples showing that VGT method works very well. IGs means the gradient is computed from a moment 0 map and VCGs means that the gradient is calculated from moment 1 map. In Figure 2 , we can see that the normalized cumulative counts quickly increases to above 0.9 within 20 degrees relative angle. This means 90% of the VGT predicted B field vectors in these models have relative angles less than 20 degrees. As for b51 and b52 in Figure 3 and Figure 4 , the normalized cumulative counts are close to a random distribution. A random distribution of the cumulative relative angle orientation histogram would indicate that VGT fails to provide a reliable prediction of magnetic field direction in the region of interest.
In order to compare the performance of VGT across models, we define a parameter to determine whether the predictions are reliable. From each cumulative plot, we found the relative angle between VGT predictions and simulated B fields such that 68.27 percentage (1 σ) of vectors are within this relative angle range. The relative angles found under this criteria represent the uncertainty of the VGT method under 1 σ confidence interval. We then plot the results for each model and each tracer in Figure 5 and Figure 6 . Figure 5 represents the response of the VGT method for simulation with self-gravity data. The blue circle represents the 12 CO, the orange square represents the 13 CO and the green triangle represents the C 18 O. The upper panels represent the IGs and the lower panels represent the VCGs. Figure 6 represents the result of simulations without self-gravity.
Comparing Figure 5 and 6, we found that the gradient vectors in the case of self-gravity are less aligned to the magnetic field direction compared to the case without selfgravity. Quantitatively most of the differences between the two cases are within 4
• . The difference between self and without self-gravity is negligible. This indicates that in the diffuse region VGT method can still be applied very well in the self-gravitating molecular clouds. The density tested from all 14 models have ranges between 0.003 ∼ 50 solar mass per pc 3 , the corresponding hydrogen number density is 0.004 ∼ 70 cm −3 . To put this into observational perspectives, the giant molecular clouds have density n(H 2 )(cm −3 ) of 100, molecular clouds have the density of 300, molecular clumps have the density around 10 3 , and cloud cores have density 10 5 (Bodenheimer 2011) . Thus the tested simulation cubes can be applied to giant molecular clouds which have similar number densities.
Response of different tracers
In Figure 5 and Figure 6 , we plot the relative angle of each model such that the accuracy of VGT is under 1 σ uncertainty, with respect to the variation of Alfven Mach number (M A ), Sonic Mach number (M S ), and compressibility
In the case of β and M S respectively, we can find a strong linear correlation between β or M S and the accuracy. With either the increasing of M S or the decreasing of β, VGT gives more accurate results. As for M A , the overall plot is more scattered so the correlation is not clear. Since β is proportional to M A but inversely proportional to M S , the increasing of M S leads to a smaller β. Hence, M S is the dominating factor which leads to a more accurate tracing. In the central panels in Figure 5 and Figure 6 , as the M S increases to 2, the VGT predictions becomes better (smaller uncertainty). However, further increases of M S after 2 will slightly increase uncertainty. This is the same for both IGs and VCGs in with or without self-gravity conditions.
In the right panels of Figure 5 and Figure 6 , a large scattering is observed when the β value is small (∼ 10 −2 ). As for the M A responses, the overall correlation is weaker than β and M S . Before M A = 0.2, the VGT predictions, in general, have higher accuracy as M A increases. After M A = 0.2, the accuracy of the VGT method drops as M A increases further. In both plots, there are concave down relationships with minimum points (at M A = 0.2 and M S = 2). However, there is a sharp increase in uncertainty for M A = 0.5 but for M S plots there is no obvious feature similar to M A .
For observational purposes, we set a criterion such that under 1 σ (68.27%) confidence interval, the VGT predictions are within 20
• angle deviation from the true simulated magnetic field. Above this criteria, the VGT can give very accurate magnetic field predictions. Under this criteria, in Table 1 we found that for 12 CO and 13 CO, the IGs is very accurate when 0.1 < M A < 0.7 (best when M A = 0.18), 0.9 < M S < 7.1 (best when M S = 2), and 0.02 < β < 0.2.
As for C
18 O, IGs is very accurate when 0.2 < M A < 0.4 (best when M A = 0.18), 2.0 < M S < 3.9 (best when M S = 2), and 0.02 < β < 0.2. For C 18 O, the Sonic Mach number range M S for accurate IGs predictions is smaller than the others. This result is consistent to Table 1 18 O has a larger uncertainty compare to the other two tracers. As for the VCGs, the accurate tracing ranges of M S and M A are the same as IGs for 12 CO, and C 18 O. However, for 13 CO the ranges are 0.9 < M S < 3.9, and 0.1 < M A < 0.4 which are smaller than 12 CO and C 18 O. The results are organized in Table 2 .
Velocity Centroid Gradients vs Intensity Gradients
In the previous sections, we studied how the VGT method changes with respect to Alfven Mach number M A , Sonic Mach number M S , and β in the case of optically thick and thin media. In this section, we will inspect how the change of moment maps will alter the prediction of magnetic field using VGT. Fig. 5 and 6 show the mean relative angle deviation between the magnetic field predictions from both VGT and emulated dust polarizations for both self-gravitating and non self-gravitating simulations respectively. The results from the intensity gradients are shown in the upper row of Fig • for the self-gravity data set. Under the 20
• degree criteria, this resulted a difference of range shown in Table 2 .
The VCGs shows a slightly better performance in C 18 O than the IGs than 13 CO and 12 CO. The crucial reason behind is the velocity channels in the wing side of the spectral line is more velocity-like and diffuse (Lazarian & Pogosyan 2000) when the channel width is optically thin. Since the wing side has more weighting compared to the central part of the spectral line in the process of computing the velocity centroid, the velocity centroid displays more velocity eddies information compared to the total intensity map. As a result, the VCGs is more accurate since velocity eddies are direct probe of turbulence data while that for density eddies are indirect consequences of fluid compressions (Cho & Lazarian 2003) .
In the diffuse region it is expected that gravity takes negligible role in regulating the gas motions in molecular clouds. As a result, the gas motions are channeled by the local magnetic field directions and therefore the assumption for VGT holds for diffuse media (See §2). However it is discussed in both Yuen & Lazarian (2017b ) & Lazarian & Yuen (2018a that the gradient orientation changes from ⊥ B to B according to the stage of collapse (aka re-rotation). However, for the two sets of figures we shown in Fig. 5 and 6 , we spot negligible differences in terms of the mean angle deviations. Therefore we conclude that the effect of gravity in the selfgravity simulations used in Fig. 5 is not strong enough to trigger the re-rotation of gradients.
Saturation after radiative transfer and the possibility of 3D magnetic field mapping through different tracers
We plot the velocity spectral line for three different tracers in Figure 7 . After carrying out the radiative transfer calculation, we observed many interesting features. First of all, the intensity of 12 CO is much higher than that of 13 CO and also that of C 18 O. This is expected in observation as the abundance of the CO isotopes are much lower than that of 12 CO.
The second feature in the velocity spectral lines of the synthetic cubes with radiative transfer is that, the intensity of velocity channels will be saturated when the velocity of the channel is small. This can be understood by the fact that when the medium is optically thick , we can't see through the medium and what we will observe will be the gases on the surface. In Fig. 7 we use the vertical black dash line to roughly marked out the region that is optically thick. For 12 CO, the medium is optically thick when v ∈ [−0.4 ∼ 0.4 kms −1 ]. As for 13 CO, the opaque region is between −0.23 ∼ 0.23 kms −1 and there is no saturation in C 18 O in our sample synthetic data in Fig 7. In the case of saturation, the contribution of those saturated channels (e.g. velocity channels with v ∈ [−0.4 ∼ 0.4 kms −1 ] in the case of 12 CO) will be zero when performing gradients since they are just intensity maps having constant pixel values. As a result, when computing the gradients of integrated intensity or velocity centroid maps, only the velocity channels outside the saturated regions will contribute. In theory, by using different tracers, we can trace magnetic fields in regions corresponding to a different line of sight velocities. However, the gradients of the material distribution in the velocity space is very difficult to utilize in building up the 3D structure of magnetic field since the effect of velocity caustics is taking effect (Lazarian & Pogosyan 2000) . It would be convenient to make use of the fact that, when the molecular cloud is optical thick for a certain tracer, only the contribution with line-of-sight deepness z < τ will be positively contributing when using the VGT. As as result, VGT can only trace the B field associated with the surrounding gases in the molecular clouds. Therefore, a line-of-sight distance dependent magnetic field tomography can be achieved by stacking the VGT results from different molecular tracers. The Velocity Gradient Technique shows a nice adaptivity on numerous physical conditions, which provides a robust way to get magnetic field orientations with high accuracy. From our study, VGT even performs excellently in the case of self-gravitating and self-absorbing media. However, understanding the limitations of VGT to work in self-absorbing media is crucial for the community to utilize and further develop the VGT with molecular tracer maps.
As we know, polarization data is one of the most reliable ways to obtain the magnetic field orientation. However, it is only universally available by some state-of-the-art interferometric instruments, which require prior knowledge of the dust grain alignments and usually also the understand- 12 CO b52 (MS = 0.10, MA = 1.08) data set. For each method (IGs and VCGs) and each data (with or without self-gravity) we plot the 2D vector plots and the statistical results. The blue vectors represent the projected B fields from the simulation, and the red vectors represent the VGT predicted B field direction. The relative angle between the simulated B field and the VGT predicted direction is shown in the normalized cumulative plots.
ing of background emission, and even the cost of obtaining such measurement in the ground or even in space. Fortunately, VGT makes uses of readily available spectroscopic data, such as CHIPASS synchrotron survey, HI4PI neutral hydrogen atom distribution survey and COMPLETE survey, to provide nearly equally accurate measurements of the magnetic field orientations, which can also be cross-checked by using different tracers on the same piece of observation data. Previous series of papers Yuen & Lazarian 2017a; Lazarian & Yuen 2018a ) already show that the VGT can provide comparable or even better field-tracing ability in both numerical and diffuse observational data. It is no doubt that VGT can be synergistically used with dust/synchrotron polarization data in determining the morphology of projected magnetic field .
However, the VGT faces limitations when dealing with optically thick molecular tracer maps since VGT is technically an edge-detection algorithm relying on the turbulence statistics theory (Goldreich & Sridhar 1995; Lazarian & Vishniac 1999) in predicting the direction of magnetic field. If the pixels in the molecular tracer map are saturated in the central part of the velocity channels such as the case of 12 CO, then the ability of using gradients in these velocity channels will be significantly limited. The detailed theoretical and numerical study on saturation effects will be addressed in the future paper (C.-h. Hsieh et. al in prep). Comparatively, the polarization fraction in the case of optically thick clouds are usually low (Fissel et al. 2010 (Fissel et al. , 2016 ) since these clouds with low optical depth are usually self-gravitating. The prediction from polarization might not be helpful in determining the direction of magnetic field without referring to other independent measures. pointed out that the structure functions of the map with at most 40% data punched can still be traced with the Correlation Function Anisotropy (CFA) method with a scarification of tracing resolution . However, CFA requires more spatial pixels to trace magnetic fields compared to VGT ) and has worse performance Yuen & Lazarian 2017a ). Nevertheless, CFA shows significant advantage in relating anisotropies to different types of modes yet only a limited work is done with the gradients with modes (Lazarian & Yuen 2018a) . Synergistic use of CFA and VGT in self-absorbing media would be beneficial in providing a more accurate tracing of projected B-field orientation.
While the optical depth of 12CO is significantly higher than that of 13CO, it is possible for the gradients of 13CO tracer maps to perform better than that of 12CO in probing the direction of magnetic field around self gravitating core even through the optical depth for 12CO is significantly larger than that of 13CO. This is because around the center of gravity of an observed molecular cloud, the number of pixels that are effectively sampled by 13CO are much higher than that of 12CO. Since the accuracy of gradients relies on the structures displayed by neighboring pixel values, therefore it is natural for the gradients of 13CO maps to be performing better in tracing magnetic fields than that of 12CO due to the differences of sampling size. However, the situation changes in terms of synthetic maps as those improperly sampled pixels are now displayed as a constant (See Fig. 7 ). Those constant pixels, while not related to any physical properties of molecular cloud dynamics, form anisotropic structures with nearly pixels which are properly sampled. As a result, the appearance of these constant pixels does not decreases the tracing power for optically thick tracers and the alignment measure of optically thick tracers should be higher than that of optically thin tracers unless the density structures are strongly distorted by, e.g. gravity.
5.2. Extracting 3D magnetic field structure by utilizing multiple molecular tracer data Molecular tracer maps with different optical depth provide the spectroscopic information of gas dynamics up to certain line-of-sight depth. As shown in 7, some tracers are optically thick in some velocity channels. In these fully saturated channels, the magnetic field information is not traced. This motivates us to investigate an important question: whether or not we can use the VGT method to trace different layers of magnetic fields in the line of sight by utilizing multiple molecular tracer data.
The concept of "gradient tomography" was first discussed in Lazarian & Yuen (2018b) by considering the effective accumulation line-of-sight deepness of synchrotron polarization data with the different wavelength. Both the synchrotron polarization data with the presence of strong Faraday Rotation effect and the gas spectroscopic data with the presence of optically thick radiative transfer effect share the same concept that the contribution of gas dynamics with line-of-sight deepness larger than some certain physical boundary would be effectively noise. Lazarian & Yuen (2018b) showed that, by stacking the gradient maps from the polarized synchrotron intensities measured from different frequencies, one can create the 3D tomography information of the magnetic field. The number of layers in the gradient tomography completely depends on how many individual frequency measurements one has taken for the synchrotron data. The analogous idea can actually be implemented in the case of multiple molecular tracer maps but in a much coarser content. For example, it is theoretically possible to stack the gradient map from 12 CO, 13 CO, C
18 O to create a 3-layer tomography map which is shown observationally in Hu et al. (2018, in prep) .
One might also question whether the 3D magnetic field is measurable if stacking multiple dust polarization emissions in different wavelength similar to Lazarian & Yuen (2018b) . However, dust polarimetry faces several limitations in tracing magnetic field. Not only the dust grain fails to align at high optical depth if there are no illuminating sources inside the cloud (Lazarian 2007) , but also the far infrared polarization suffers from the confusion effect when the cloud is in the galactic plane. It is therefore not practical to stack multiple dust emission maps with different wavelength in acquiring the 3D magnetic fields similar to the 3D synchrotron polarization gradients (Lazarian & Yuen 2018a) or the Faraday tomography method (Burn 1966) .
In any case, the 3D studies of absorbing species are complementary to the studies in HI and synchrotron polarization. This gives the 3D structure of magnetic field in the galactic Figure 6 . The plot of relative angle (between rotated gradients and magnetic filed) such that the accuracy of IGs (top row) and VCGs (bottom row) is under 1 σ uncertainty, with respect to the variation of Alfven Mach number (MA, left column), Sonic Mach number (MS, middle column), and compressibility β = 2(MA) 2 /(MS) 2 (right column). Turbulent MHD simulation data without self-gravity is used. Spectrum of b13 with self-gravity model after radiative transfer calculation. The blue line represents 12 CO, the orange line represents the 13 CO, and the green line represents the C 18 O. The black and red dash lines marked the region that is optically thick and the intensity is saturated for 13 CO and 12 CO respectively. magnetic ecosystem.
5.3. Synergy with the latest development of VGT 5.3.1. Improving the accuracy of B-field orientation tracing by
PCA-VGT
In terms of tracing the magnetic field in ISM, the accuracy is the most important aspect. demonstrated that the accuracy of VGT can be significantly improved by the Principal Component Analysis (PCA), which is widely used in image processing. In this work, the VGT also shows a robust performance in tracing the magnetic field with the presence of molecular media. Furthermore, we expect that the PCA can also extract the spectroscopic information which is most valuable for VGT considering the emission from molecular media and then the synergy of VGT and PCA would further improve the accuracy.
Acquisition of Ms, MA
The magnetization of the interstellar medium is also one crucial aspect of the star formation theory. Recently, the VGT has been introduced in to obtain a reliable estimation of the magnetization of the media in HI data. In this work, we show that different molecular tracers contain individual information due to their own optical depth. Hence, we see the possibility to construct the 3D strength map of the magnetic field by combining different molecular tracers.
5.3.3.
The relationship between effective optical depth τ and channel optical depth and its implications on VGT In Figure 7 , we plot the averaged intensity in each velocity channel, and this spectrum offers great insight on how IG operates. It tells us the contribution of the magnetic fields at each channel traced by IG method. It also explains why 12 CO performs better than 13 CO and C 18 O. To illustrate the concept, we first demonstrate the relationship between effective optical depth τ ef f for moment 0 map and optical depth in individual velocity channels. Consider a simple two channel PPV cube shown in Figure 8 . In the PPV cube the temperature is set as uniform 10K. When we add the two channels to calculate the moment 0 map, the effective optical depth added as following:
2 ,
2 , or roughly τ avg ≈ τ 2 . This simple example illustrates an import implication on IG: Optically thick channels contributed less in the effective optical depth calculations. In the IG method, most of the magnetic fields traced is in the tail distribution of Figure 7 . In the central saturated region little or not magnetic fields are traced and this resulted 12 CO mainly traced magnetic fields at hight velocity diffuse region and have better IG performance. The more in-depth discussion of saturation and which region of magnetic field is traced will be addressed in the future paper (C.-h. Hsieh et. al in prep).
Locating the self-gravitating regions
Furthermore, since VGT is available even with the presence of self-gravity, it is possible to understand how magnetic fields behave inside the Giant Molecular Clouds (GMCs) in the stage of collapsing and help us to shape the star formation theory into a better form. On the other hand, the spectroscopic data is obtained by using molecular tracers, such as 12 CO, 13 CO, C 18 O and so on, which contains individual information from low-density regions to high-density regions. By using VGT, it is possible to extract the magnetic field morphology in different regions or layers and then construct the 3D magnetic field morphology with multi-stages. One obstacle is that the velocity field would be distorted in a collapsing region. Hence, in collapsing regions, we usually need to apply a compensation of the distortion to VGT for accurate tracing.
Comparison with earlier works
The VGT technique has been initially introduced and studied without taking into account the effects of self-absorption of radiation (Yuen & Lazarian 2017b,a) . Such studies are most relevant to diffuse HI and other media with low absorption. Gonzalez-Casanova et al. (2017) estimated the ability of VCGs in tracing magnetic field with the presence of absorbing media for the case of 13 CO J=2-1 emission. They also demonstrated that the VGT is able to trace the magnetic field in media with different CO abundances, densities and optical depths. However, the change of CO abundances and densities might introduce the non-LTE effects. In this work, we study both the IGs and VCGs and we also explore the effect from different molecule 12 CO, 13 CO, and C 18 O with emission line J=1-0.
The optical depths are different for different species. In term of the applicability of multi-tracers in observation, we numerically demonstrate the possibility to obtain 3D magnetic field morphology by combining different molecular tracers. Furthermore, we consider the effect of weak selfgravity and show that VGT is still applicable. The effect of line-saturation effects in the VGT will be investigated in our future work.
6. CONCLUSION In this work, we estimate the ability of VGT in tracing the magnetic field with the presence of molecular medium ( 12 CO, 13 CO, and C 18 O), as well as with and without selfgravity cases. VGT still shows robust performances regardless of molecular emission and self-gravity. To summarize:
1. As Sonic Mach number M S increases, the magnetic field direction get more perpendicular to the intensity gradient. This effect to less extend is also present for the centroid gradient.
2. VGT method is the most accurate in 12 CO. For 13 CO, C
18 O the dispersion of the relative angle is larger as shown in Table 1 . This is because 12 CO only traces optically thin channels which corresponds to the diffuse region.
3. Centroid gradient method works better than the intensity gradient method. Velocity weights on highvelocity channels increase the weighting for the diffuse region.
4. For systems that have values within 0.02 < β < 0.2 and M S ≥ 1.0 the VGT method has uncertainty less than 20 o under 1 σ (68.27%) confidence interval and can make very accurate B field predictions.
5. For density n(H 2 )(cm −3 ) between 0.004 ∼ 70 cm −3 , applying VGT methods to self-gravity shows slightly larger dispersion compare to the data without selfgravity.
APPENDIX
A. SPARX SPARX stands for "Simulation Package for Astronomical Radiative Transfer (Xfer)". As part of the CHARMS (Coordinated Hydrodynamic and Astrophysical Research, Modeling, and Synthesis) initiative which focuses at bridging theory and numerical astrophysics with observational astrophysics at the Theoretical Institute for Advanced Research in Astrophysics (TIARA) in ASIAA, SPARX is a multi-purpose radiative transfer calculation tool. It is designed to generate synthetic (non-)LTE atomic and/or molecular spectral and dust continuum images.
SPARX solves the specific intensity I ν at a given frequency ν with the standard radiative transfer equation,
where κ ν is the absorption coefficient and ν is the emission coefficient at the given frequency ν. The above equation can be rearranged into the following form:
where dτ ν ≡ κ ν ds is the optical depth, and S ν ≡ ν /κ ν is the source function. The intensity can be evaluated numerically by
We note that κ ν and ν are related to Einstein A and B coefficients and the gas density n:
where i and j denote the starting and ending energy states of the molecular transition under consideration. n i is the gas density at energy state i, and φ(ν) is the Doppler broadening function:
in which σ is the line-width summed by the thermal speed and the turbulent speed and c is the speed of light. The Einstein coefficients themselves in the above equations are related in the following manner,
where g i is the statistical weight of the energy state i, h is the Planck constant. In this work , we are consider the rotational transitions of carbon monoxide which have statistical weight of g J = 2J + 1. Additional molecular data required for the calculation are retrieved from the LAMDA database (http://home.strw.leidenuniv.nl/ moldata/). The level populations n i and n j of energy states i and j required for evaluating κ ν and ν in the radiative transfer equations should be solved through detailed balancing. This, in term, depends on the incoming radiation. Therefore, in the general non-LTE calculation, the specific intensity (I ν ) and the mean radiation field (integral of I ν ) and the level populations n i are solved iteratively.
In this work, the molecular transitions under consideration should meet the LTE assumption. The molecular level populations can therefore be described by the Boltzmann distribution:
where N is the total molecular density and Z, the partition function, can be expressed as
For further detailed description of the SPARX software and the benchmark problem (Zadelhoff et al. 2002 ) the package has been tested against, we refer to the software website (https://sparx.tiara.sinica.edu.tw/). 
